Abstract
Introduction
Hirschsprung disease (HSCR, OMIM 142643 ) is one of the most common neurocristopathy in humans, attributed to the absence of enteric neurons (aganglionosis) along a variable As one of the classical models of multifactorial inheritance, HSCR displays high heritability (81%-100%), non-Mendelian inheritance in families, and high sibling recurrence risk (200-fold greater than the normal population) [3] . To date, more than 15 genes (GDNF, SOX10, NRTN, TCF4, PHOX2B, disease since the discovery of RET (receptor tyrosine kinase), the major HSCR susceptibility gene [4] [5] [6] [7] . Additionally, it has been demonstrated that certain genes were modulated by 50% of familial cases (mostly L-HSCR, TCA) and 7-35% of sporadic cases (mostly S-HSCR), and together contribute to only about 0.1% of the heritability, suggesting the involvement of more genes with incomplete penetrance [3, 9] .
GABRG2 (gamma-aminobutyric acid A receptor gamma 2) gene is located on chromosome 5q34, and encodes the gamma-2 subunit of the gamma-aminobutyric acid (GABA) receptor [10] . As the major inhibitory neurotransmitter in the mammalian central nervous system, GABA binds to GABA-A receptor that is a ligand-gated chloride channel, and mediates neuronal inhibition [11] . GABA-A receptors, the pentamers assembled from combinations involved in nearly every aspect of brain activity [12] . A recent study has indicated that co-GABRG2 expression between HSCR cases and normal controls, and moreover GABRG2 was found to be expressed in both diseased and normal segments in HSCR subjects [14] .
Reelin encoded by RELN (7q22) is a large extracellular matrix (ECM) glycoprotein that controls cell positioning and neuronal cell migration during embryonic development [15] . The RELN mutation disrupts neuronal migration in several brain regions, and reelin actually affects sympathetic preganglionic neurons in the spinal cord [16] . Additionally, it has been indicated that RELN might function as a stop signal to interrupt the migration of sympathetic preganglionic neurons in Reeler mice [17] . Saeed et al [14] observed the upregulation of RELN expression in the diseased segment of HSCR cases compared to controls, raising the possibility that RELN might be involved in the pathogenesis of HSCR.
NRG3, 10q22-q23), on the other hand, has been implicated in a heterogeneous group of neurodevelopmental disorders, including developmental delay, autism, and hyperactivity [18] . The protein encoded by NRG3 and functions as a ligand for the transmembrane receptor tyrosine kinase ErbB4, displaying an expression pattern with enriched signals in neural tissues [19] . Carteron et al. [20] reports ErbB4 signaling pathway in neurodevelopment. Recent studies indicate the expression of regulates cortical cell migration and patterning, and thus functions in the development of the embryonic cerebral cortex [19, 21] . In a genome-wide copy number analysis, Tang et al. [22] provided an indication of the relative contribution of structural variants in both syndromic and non-syndromic HSCR.
Since both Sonic Hh (Shh) and GABA signaling pathways are essential for diverse developmental processes, in particular those involved in the nervous system [23, 24] , Shh has recently been proved to interact with GABA-mediated processes in many ways, i.e. Miao et al. [25] has observed that Shh promotes the survival of midbrain GABA + neurons, and may support various subtypes of GABA + interneurons. Shh is also critical for the development of forebrain GABA inhibitory neurons [26] . On the other hand, PTCH1, a Hedgehog (Hh) receptor and also a potential susceptibility gene for HSCR [27] , is supposed to be the key regulator in Hh signaling [28] , and moreover GABRG2 is involved in the modulation of the GABA-A receptor function, and may further affect the GABA signaling pathway [13] .
in the nervous system development [29] . Interestingly, Reelin mutation in mice leads to the misplacement of Purkinje cells, followed by decreased overall levels of Shh [30] . With all these clues, we attempted to explore the relationship between PTCH1, GABRG2 and RELN, pathways.
GABRG2, RELN and NRG3 gene might confer genetically altered susceptibility to Hirschsprung disease. Accordingly, we assessed 24 genetic markers ( Fig. 1 ) within all these genes in the Han Chinese population by using a strategy that combined case-control analysis with the MassArray system. Since the gene-gene interactions play a key role in altering the risk of HSCR[31], we further explored the interaction networks among GABRG2, RELN PTCH1 gene [27] . 
Materials and Methods

Participants
We recruited 104 patients with Hirschsprung disease (84 male and 20 female, age 1.14 ± 1.83 years) and 151 normal controls (86 male and 65 female, age 1.66 ± 1.05 years). The details of the study population can be found in one of our previous studies [27] . The patients and controls enrolled in the present study were biologically unrelated, and all were of the Han Chinese ethnicity and were recruited from local Shanghai residents. All patients had the diagnosis of HSCR based on histological examination of either biopsy or surgical resection material for the absence of enteric nerve plexuses, and included 86 cases of S-HSCR (short segment HSCR), 15 cases of L-HSCR (long segment HSCR) and 3 cases of TCA (total colonic aganglionosis). We recruited controls from the subjects with no history of chronic constipation and obtained written informed consent from parents of all participants after the procedure had been fully explained. The ethics committee of Xin Hua Hospital reviewed and approved our study. All experiments were conducted in Xin Hua Hospital Institutional Review Board.
SNP selection
2 coding or UTR regions, and yet due to the unavailability of allele frequency data of many genetic variants in GABRG2: rs209350, rs11135176, rs211037, RELN: rs802788, rs17155888, rs2299374, rs727709, NRG3: rs6584471, rs11193893, rs7074694, rs342369, rs568271 RELN NRG3 GABRG2: rs647625), and NRG3: rs11193235) that was investigated by Tang et al. [22] . Altogether, these 24 genetic variants GABRG2 RELN NRG3: GABRG2 RELN: rs802788, rs17155888, NRG3: rs6584471, rs11193235, rs11193893, GABRG2: rs418210, rs424740 and rs647625) (Fig. 1) . Genotyping CA). Genotyping was performed using iPLEX GOLD chemistry and MassARRAY platform (Sequenom, San Diego, CA). PCR assay and iPLEX single-base extension primers were designed by the Assay Design Suite alkaline phosphatase and primer extension steps using Sequenom's protocol and reagents. iPLEX GOLD assay (Sequenom, San Diego, CA) is a primer extension process discriminating sequence differences at the single nucleotide level. Different mass signals for the two alleles between extension products can be captured by the highly accurate MALDI-TOF-based system. Raw data were visualized and processed with In regards to genotyping quality control, we used the following criteria as a measure of acceptable 2 the power of our sample size [44] . All the P level was set at P = 0.05.
SNP-SNP interaction analysis
Results
Association of genetic polymorphisms with HSCR
Allele and genotype frequencies of the 24 genetic polymorphisms are shown in Table   Hardy -Weinberg equilibrium in either cases or controls (P> 0.05). We observed that there GABRG2 and rs169793), 3 RELN NRG3
NRG3
the C allele and CC genotype of GABRG2rs209350, the A allele and AA genotype of GABRG2 rs169793, the A allele and AA genotype of RELN rs802788, the T allele and TT genotype of RELN rs6977616, the G allele and GG genotype of RELN rs56345626, the A allele and AG genotype of NRG3 rs6584471 and the G allele and GG genotype of NRG3 rs7074694. The P reactions are shown in Figs 2-4.
Linkage disequilibrium for pairs of SNPs
Since linkage disequilibrium (LD) makes tightly linked variants strongly correlated with strong LD will typically increase the statistical power for association with the disease, we carried out LD and haplotype analyses of genetic variants within these three genes. LD strong linkage disequilibrium (D' > 0.7) in the following groups of markers: (1) GABRG2, rs209350-rs11135176, rs11135176-rs211037, and rs211015-rs418210-rs424740-RELN from analysis if the estimated haplotype probabilities were less than 3% in either cases or normal controls. We therefore assessed/estimated the haplotype distributions with these variants in the later analysis.
Haplotype analysis and power calculations
Haplotypes with strong LD were selected for presentation (Table 4 -6). Several haplotypes were found to be strongly associated with Hirschrprung disease, since the frequencies were higher in cases than in controls. For the 24 genetic markers, haplotype analysis revealed P GABRG2, P RELN, P = 4.06×10 -15 NRG3, P = 4.79×10 -14 ). As the index of 0.24 (corresponding to a "weak" gene effect) was used. 
SNP-SNP interactions and GO enrichment analysis
GABRG2, RELN, NRG3 PTCH1 were explored based on both synergy (Syn) and information gain (I I, Syn) (Fig. 6 , Table 8 ) were submitted to the interaction scores were corrected for multiply testing by using the FDR method [33] . In the present study, GABRG2-RELN, GABRG2-PTCH1, RELN-PTCH1, and GABRG2-RELN-PTCH1 group respectively (Fig. 7, Table 8 ).
GABRG2_rs209350, GABRG2_169793, RELN_rs802788, RELN_rs6977616, and RELN GABRG2, RELN and PTCH1 GABRG2: rs209350-rs424740) (Fig. 7) . obtained in the RELN-PTCH1 group which was involved in multiple biological processes, including central nervous system development, brain development, regionalization and In order to obtain the best interaction model, we recruited the MDR (multifactor dimensionality reduction) software to investigate the gene-gene interactions among GABRG2, RELN, NRG3 and PTCH1 (Table 10) . GABRG2 (rs209350), which was strongly was PTCH1 (rs28485160)-RELN increased with the rising number of factors, the four-factor best model, GABRG2(rs169793)-
PTCH1(rs28701981)-RELN(rs802788)-RELN
Discussion
Hirschsprung disease (HSCR) is a complex, polygenic disease, and aberrant mutations of genes involved in either neuronal or glial lineage differentiation have been suggested to to HSCR [28, 46] . Up to now, however, major genes implicated in the pathogenesis of HSCR have not been fully characterized. In the present study, we used a strategy combining allelic association studies and gene-gene interaction analysis with the highly accurate MALDI-TOF-GABRG2, RELN, and NRG3 might be potential susceptibility genes to Hirschsprung disease, and the interaction networks among GABRG2, RELN and PTCH1 may contribute to the altered risk in Hirschsprung disease.
GABRG2 gene are both located in the untranslated region, these non-coding regulatory variants might be functionally important, probably by affecting the regulatory mechanisms of gene expression Table 4 .
GABRG2.
--dence interval, HSCR = Hirschsprung disease On the other hand, analysis of haplotypes may increase the power to detect disease loci observed in our study might also be involved in the altered risk of Hirschsprung disease. In
For GABRG2 rs211037-rs169793-rs211015-rs418210-rs424740-rs647625, p = 0.001, OR 4.85, 95% CI 1.68-14.02) was four times as common in HSCR subjects (7.5%) as in normal controls (1.7%). As to RELN and NRG3 rs17155888-rs2299374-rs727709-rs6977616-rs12536415-rs56345626-rs2229864)and G-C-G-G-C-A-T-A (rs6584471-rs11193235-rs11193893-rs7074694-rs342369-rs568271- Table 9 . polymorphism, P-value threshold = 0.05, GO = Gene Ontology found that highest synergies were achieved at rs11135176 (GABRG2)-rs2299374 (RELN), rs647625 (GABRG2)-rs10512248 (PTCH1), and rs2229864 (RELN)-rs357564 (PTCH1) associated with HSCR may still contribute to the increased risk of HSCR through a direct or indirect interaction with the positive genetic variants. Additionally, HSCR is characterized by enrichment analysis, the interaction of RELN-PTCH1 was indicated to be involved in both central nervous system development and brain development, further supporting that the RELN-PTCH1 group might play a role in the pathogenesis of HSCR.
As more than 15 genes has been linked to HSCR etiology [5] , identifying gene-gene interaction would be a crucial step to unravel the mechanisms underlying HSCR etiology. We thus included the MDR analysis to explore the best interaction model among all these genes, which means the one with the maximum testing accuracy and maximum cross-validation PTCH1 (rs28485160)-RELN factor best model, GABRG2(rs209350)-GABRG2(rs169793)-RELN(rs56345626), consisted the possibility that both of the best models might be involved in the altered susceptibility to HSCR. Of note, the four-factor best model, GABRG2(rs169793)-PTCH1(rs28701981)-RELN(rs802788)-RELN to other models (Table 10) , which indicated that a multi-factor model was more likely to contribute to the elevated risk for Hirschsprung disease. Up to now, many genes have been PTCH1 [61] [62] [63] , and yet very few of them have been demonstrated to be associated with HSCR pathogenesis. Our present work supports the need for further studies on exploring the interaction networks between PTCH1 and other genes, and unraveling the crosstalk between Hedgehog and other signaling pathways.
GABRG2, RELN, and NRG3 gene might confer altered susceptibility to HSCR in the Han Chinese population, and more importantly the interaction networks among GABRG2, RELN, and PTCH1 might be associated with an increased risk for Hirschsprung disease. More independent studies along these lines with larger sample size of other ethnic groups and more markers are required, of Hirschsprung disease.
